I. INTRODUCTION
Blades are a critical component in a rotor. Rotating blades always subjected to unexpected excitations that may weaken a structure due to fatigue or cause catastrophic failure. Thus, strain measurement and vibration analysis of rotor blades is a critical element for the improvement of the performance of a rotating machine.
Rotating blades are commonly modeled as rotating beams, because the beam enables researchers to simply the problem. In early 1920s, Southwell and Gough [1] started to investigate the natural frequencies of a rotating beam. They suggested an explicit equation that relates the natural frequency to the rotating frequency of a beam. This equation, which is frequently called the Southwell Equation, has been widely used by many engineers since it is simple and easy to use.
Later, to obtain more accurate, natural frequencies, a linear, partial differential equation that governs the bending vibration of a rotating beam was derived by Rubinstein [2] . Applying the Ritz Method to the partial differential equation, more accurate coefficients for the analytical model of the Southwell Equation were obtained. In the 1970s, owing to the fast progress of computing technologies, a large number of papers in which numerical methods were employed for the modal analysis of rotating structures were published. For instance, Putter and Manor [3] applied the Assumed Mode Approximation Method for the modal analysis of a rotating beam.
Various other effects on the modal characteristics of rotating beams were also investigated. The effect of tip mass was considered by Hoa [4] and Hodges [5] , elastic foundation and cross-section variation were considered by Kuo et al. [6] , shear deformation was considered by Kokoyama [7] and Yoo [8] . Using these methods, the modal characteristics of rotating beam could be effectively analyzed.
However, we need some effective method to prove that the analysis is correct. Measuring the actual strain/vibration value is significantly important. Current methods, such as the use of an electrical strain gauge, have too many limitations to apply on the rotor blade. Developing a new measurement has become a necessity.
FBG(Fiber Bragg Gratings) are sensor elements which are photo-etched into optical fiber using intense ultraviolet laser beams. After almost two decades of development, FBG sensor technology is now on the verge of maturity. Generally, FBG have been used for the measurement of strain and strain-related quantities, such as stress, deformation, temperature and displacement [9, 10] , etc. The reported applications include monitoring of highways, bridges, and aerospace components. However, the measurement of strain on a rotating blade using FBG is a great challenge. In a rotating machine, the difficulty is transmitting signals from the rotor to the stator.
There are several general methods to achieve signal transmission: the slip ring, telemetry, and FORJ (Fiber Optic Rotary Joints). The slip ring enables the transfer of electrical signals to a stationary part with bushings running in contact with a rotating ring. This method was used to observe the dynamic strain of a gas turbine rotor blade [11] . Several difficulties remain. Physical contact between the bushings and the rotating rings creates electrical noise. In regard to telemetry, the signals transfer via an IP network or radio waves and more than 10 billion kilometers can be covered, but limit the speed of measurement. In regard to FORJ (Fiber Optic Rotary Joints), the signal is transferred between two fibers, one which is rotating, the other is static. Two fibers in a thin tube are constrained to four degrees of freedom, which creates friction between the tube and the fibers, thus limiting the speed to rates less than 10000 rpm. Author Kyungmok Kim [12] proposed another method using five FBG sensors to measure the rotating blades' dynamic strain.
In his experiment the speed was less than 2000rpm, but the method could overcome the above difficulties.
FBG is a strain sensor in principle. An electrical strain gauge is another conventional strain sensor. Generally, when strain sensors are used for evaluation of structural vibration, they can only detect an approximate vibration in one dominant mode, but not high-precision vibration.
However, the vibration consists of an infinite number of vibration modes and each mode has its own constant gain. Thus, we could utilize the point to sense the vibration with high accuracy.
Chen-Jung Li and A. Galip Ulsoy [13] used a two strain gauge approach to calculate a beam's vibration. In these approaches, the vibration displacement of the structure is represented by a finite number of dominant modes and each mode has its own constant gain for converting the displacement components into strain components in this mode. Pavic [14] employed strain gauges to measure in-plane acceleration for plates and axial acceleration for beams. In this paper, strain can expressed as spatial derivatives of displacement. By placing multiple sets of strain gauges, we can measure the displacement vibration. This paper used the same method in principle as Kyungmok Kim's method for the measurement of a beam's dynamic strain using FBG. Based on the wavelength-strain-displacement relationship and displacement having multiple modes, the paper developed a method that the vibration of a beam can be expressed as the change of FBGs' wavelength. However, the effect of the higherorder vibration modes on the overall vibration typically gets smaller and smaller. Therefore, only the first few dominant modes often need to be considered for the vibration displacement measurement. This paper presents such a FBG based method for the vibration/strain/stress measurement of a cantilever.
II. THE PRINCIPLE OF SENSOR AND MEASUREMENT METHOD
A. The working principle of FBG sensor An FBG is composed of periodic changes of the refractive index that are formed by exposure to an intense UV interference pattern in the core of an optical fiber. When light from a broad band source interact with the grating, a single wavelength, know as the Bragg wave length, is reflected back while rest of the signal is transmitted. An FBG shows sensitivity to strain and temperature changes. The Bragg condition is expressed as:
Where B  is the Bragg wavelength of FBG; e n is the effective refractive index of the fiber core, and  is the grating period.
If the grating is exposed to external perturbations, such as strain and temperature, the Bragg wavelength will change. By measuring the wavelength changes accurately, physical properties, such as strain and temperature, can be measured. The shift of a Bragg wavelength due to strain and temperature and pressure can be expressed as:
Where K  is the wavelength sensitivity coefficient for strain; T K is the wavelength sensitivity coefficient for temperature, and P K is the wavelength sensitivity coefficient for pressure. With the assumption of no pressure changes and no temperature changes, we can measure the strain from wavelength shift as:
Where the e  is the strain-optic coefficient of the optical fiber.
B. The working principle of rotating cantilever beam dynamic strain measurement The angular velocity of the rigid hub A and the velocity of point O can be expressed as follows:
Where r denotes the radius of the rigid hub. Then the velocity of the generic point P can be derived as follows:
Where x is the distance from point O to the generic point in the non-deformed configuration. In the present work, the displacement of vibration at position x can be found as a summation of the displacement of an infinite number of vibration modes and approximated as follows: f t are the mode shape and time response of the ith mode, respectively. By using Hooke's law, the relationship of stress-moment for pure bending, we obtain:
Where x  and x  are the axial strain along the x-axis at position x and the distance r above the neutral axis, z M is the moment about the z-axis. Thus, a new method is developed to detect the vibration using equations (7) and (8) . Considered these three cases, the first: taking into account one mode, the second: two modes, the third: n modes.
CASE A: The first mode in isolation
Taking into account only one mode, we can express the displacement as:
Thus, assuming the first mode is dominant, the displacement at position d x can be expressed as the following equation:
The strain at the position 1 x can be approximated as:
Substituting Equation (11) into Equation (10), we obtain:
This is a coefficient ratio with no relation to time.
We can obtain the coefficient ratio by experimental modal testing or solving the eigenvalue problem mentioned above for the first mode shape of the system, the displacement at position d x can be calculated as the product of measured strain and coefficient ratio. That is: 
From Equation (13), it can be seen that 1 x should be chosen away from the location where
 , thus, we can improve sensitivity .
CASE B: The first and second modes
To test the first and second modes, we put two sets of strain gauges at 1 2 , x x , than, we can express the displacement as:
Thus, assuming the first and second mode is significant, the displacement at position d x can be expressed as following equation:
the strain at the position 1 x can be approximated as:
the strain at the position 2 x can be approximated as:
Then, we obtain: 
the measurement error can be obtained by Equation (21):
CASE C：The first n modes
Following the same procedures, the measurement method can extend to the first dominant n vibration modes, where the real value of n depends on accuracy. In this case, n sets of FBG need to be considered, the displacement measured at position 2  2  2  1  1 1  2 1  2  2  2   2  2  2  2  1 2  2 2  2  2  2  1  2   2  2  2  1  2  2  2  2 ( )
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III. SIMULATION AND EXPERIMENT

A. Simulation
This section presents the simulation result based on the ANSYS. As show the Figure 1 Table 1 . The natural frequencies were obtained by a simulation. that we have the largest sensitivity for detecting the various strains. Figure 6 The first mode shape Figure 7 The second mode shape Figure 8 The third mode shape Figure 9 The first strain mode shape Figure 10 The second strain mode shape Figure 11 The third strain mode shape Figure. 12 The strain on cantilever ( the first strain mode shape,
The second strain mode shape, the third strain mode shape)
B. Experiment The FBG sensors were wired to an interrogator which was controlled using a personal computer.
In order to sense the first to the third vibration modes, four sets of FBG were mounted at Assume that strain and deflection signals are composed of first-three modes, neglecting the higher modes. The coefficient, listed in Table 2 , is substituting these coefficient into Equation (22) , we obtain the estimated displacement for the three modes. The errors came from the following causes.
1) The clamping condition of rotating cantilever beam does not yield a perfect fixed boundary condition.
2) The errors came from the FBG. Ideally, the sensors are moved to a more advantageous position. However, due to size of the FBG, the signals from the FBG are average values of a surface range. On the other hand, the sensitivity of the FBG is the source of the errors.
3) The relative error comes from the piezoelectric accelerometer which was used to calibrate the displacement vibration. To achieve higher displacement measurement, a sensor with higher sensitivity could be used. 4) 8.86% error is for consider only three. Due to measuring three modes there was an error of 8.86%. By taking more modes into account, errors will be reduced.
5)
Since the location of the FBG is calculated based on analytical modes, it induced some errors.
V. CONCLUSIONS
The method of using an FBG to measure dynamic strain and estimate the displacement vibration of a rotating, cantilevered beam has been validated. This method is based on the fact that the vibration displacement can be expressed in terms of an infinite number of vibration modes and be related to the dynamic strains through the strain-displacement relationship. From the results, it can be concluded that this new monitoring method can be applied to a rotor blade.
